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Introduction  
In the following supporting information, we provide a discussion on the sharp edge and mutli-
pathing at the African LLSVP (Text S1), a brief review of tomographic models for the 
northeastern edge of the mid-Pacific LLSVP (Text S2), and discussion on the waveform fitting 
(Text S3). Table S1 provides the information of the earthquakes used in this study. 
Furthermore, we provide figures displaying the multi-pathed ScS for different events and 
sensitivity tests for modelling the multi-pathing ScS. 
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Text S1. Sharp edged structures and mutli-pathing at the African LLSVP 
Global tomographic models are beginning to image features from the LLSVP’s that suggest 
plumes, i.e., Montelli et al. (2004; 2006) for P-waves and Grand (2002) for S-waves as well as in 
French & Romanowicz (2015). The average δVs for the African LLSVP structure is about (-3%) 
with smaller drops for P velocity (Masters et al., 2000). The density anomalies are estimated to 
be a few percent (Ishii & Tromp, 1999; Trampert et al., 2004; Lau et al., 2017). These features can 
be explained by thermal-chemical convection as suggested by Davaille (1999), Garnero & 
McNamara (2008), and Tan & Gurnis (2005; 2007). The edges of these structures can be quite 
sharp which produces complex waveforms and rapid changes in travel times. Fortunately, the 
Kaapvaal array in South Africa (James et al., 2001) produced excellent record sections of the 
SKS phase, with relatively vertical paths sampling the African LLVSP. The jump of travel times is 
up to 6 s crossing the boundary (Ritsema et al., 1998; Ni et al., 2002; Wang & Wen, 2007; Sun et 
al., 2009). To direct image the sharpness and geometric shapes of the African LLSVP, Sun et al. 
(2009) use the Multi-Path Detector (MPD) to measure the waveform complexity for different 
seismic phases, especially the SKS phases. For simplicity, in MPD processes, the complicate 
waveform is constructed by two simple arrivals with same waveform shape but different 
amplitude and separated by time of ΔLR. The time shift relative to the reference model (1D or 
tomographic models) is also measured as ΔT. The MPD application to the East-Pacific Rise 
events is presented in Fig. S2 with the individual event results given in Sun et al. (2009). Note 
the boundary transition is about 200 km wide. A cylindrical structure (marked with blue circle 
in Fig. S2B) is centered at the tip of South Africa, which is inferred as a middle mantle plume 
(Sun et al., 2010). There appears to be a small ULVZ at the outer edge with strong multi-
pathing (southwestern red patch in Fig. S2B), which has not been imaged in details. 
 
Text S2. Brief review of tomographic models 
Modern tomographic models are using ever more accurate methodology and rely less 
on classical seismology when what about seismograms demonstrates why “said structure” is 
accurate. We choose four examples as presented in Fig. S3, three S-velocity models, i.e. 
GyPSuM (Simmons et al., 2010), SEMUCB-WM1 (French & Romanowicz, 2015), TX2016 (Grand, 
2002), and one P-velocity (LLNL-G3Dv3) (Simmons et al., 2012) that uses 3D ray tracing and 
refined locations. We have plotted some piercing points at the CMB displaying where the 
various phases sample the CMB. Note the large differences on the CMB sampling. Secondly, 
the P-velocity sampling the D” seems to be more affected by slabs as opposed to the phase 
transformation (Bridgmanite to Post-perovskite), note that the slab anomaly in GyPSuM is 
even stronger in LLNL. This feature is interesting in prospective mapping PV-PPV vs. slab 
material discussed later. The TX2016 model is the first global model to introduce the insertion 
of slabs directly into global inversions, a major step in establishing the existence of plate 
tectonics and subducted slabs. The model SEMUCB-WM1 is the most interesting in that it has 
strong anomalies at all depths and especially in the upper mantle beneath the Pacific and near 
the CMB. While the analysis is complicated, it relies on corrected dispersion data in contrast to 
the other three others. The main difference between these models is caused by the influence 
of the isotropic PREM upper-mantle model and the impact of the CMT vs. NEIC (USGS) 
locations and origin times as discussed in Lu and Grand (2016). They base their upper mantle 
on SH triplication data (i.e. TNA and SNA) while PREM is surface wave dispersion based. These 
issues are addressed by Tan & Helmberger, (2007). Based on the fitting of peg-legs and 
precursors along a corridor to USArray (TriNet), PREM does not work for SH although it is not 
so bad for SV. In particular, detailed pure-path modeling of oceanic Lithospheric Structure 
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(Lid) indicates that the SH-velocity is about 5% faster than SV (Gaherty et al., 1996; Gaherty et 
al., 1999; Tan & Helmberger, 2007; Chu et al., 2017). This feature has a strong impact on the 
timing of ScS and sScS multiples and allows defining the fast indenture structure in Fig. 1 in 
both S40RTS (Ritsema et al., 2011) and GyPSuM (Fig. S3A), see Liu et al. (2011).  
The study in Liu et al. (2011) addresses a 2D corridor from Fiji-Tonga to South California 
by modeling complete seismograms including multiple ScS, sScS along with upper mantle 
triplications and precursors and peg-legs. Because the whole mantle affects such data, it 
requires accurate upper-mantle structure, which proves particularly difficult for the Pacific 
Basin with few stations and surrounded by subduction zones. A window is provided by data 
from Southern California and allows a relatively pure-path view with Fiji-Tonga events (Tan & 
Helmberger, 2007; Lai et al., 2017). In short, we propose a continuation of the 2D corridor from 
Fiji-Tonga across the US using the USArray data, particularly a 2D-3D model through the 
Pacific LLSVP corridor compatible with three component broadband data. 
 
Text S3. Waveform fitting 
To quantify the goodness of the fit, we focus on event B, where the waveform 
distortions are the strongest, and calculate a cross-correlation coefficient (CC) 
between each stacked trace and synthetic seismograms at the same distance. Then 
the CC’s of each trace is averaged over the record section for various models. If we 
cross-correlated the whole waveform including all phases, the CC’s will be dominated 
by the large amplitude S and ScS. Thus, we focus on fitting the multi-pathing ScS by 
only cross-correlating the time window including ScS and ScS* considering the 
uncertainties in resolving the structure of the LLSVP (Fig. S12). 
Although the geometrical shape and velocities of the ULVZ is difficult to resolve 
at these periods, the location of the ULVZ is the most robust parameter in the 
inversion (Fig. S18). If we shift the location, the CC’s will drop significantly (Fig. S18A). 
Both triangle and rectangle shape (Fig. S16) ULVZ show similar location sensitivity. In 
Fig. S15, we also show examples of waveforms for ULVZ’s with rectangle shape by 
changing the location. If we shift the ULVZ towards into the LLSVP with small Loc, the 
separation between ScS* and ScS gets larger with increasing epicentral distance, 
which is contradictory to the moveout of the ScS* in the data. In Fig. S19, we plot the 
CC’s against slowness volume, defined as a product of −𝛿𝑉!(%)×𝑤(°)×𝐻(𝑘𝑚) . 
Interestingly peak CC’s is presented near the value of the product of ~ 3000 despite very 
different individual parameters. Such correlation with the product indicates that a volumetric 
property of the ULVZ could be a stable parameter inverted from waveform fitting. 
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Table S1. Earthquakes used in this study 
Event ID Date Latitude (º) Longitude(º) Depth (km) 
A 2007/10/16 179.72 -25.7 512 
B 2006/08/15 -175.7 -21.18 162 
C 2007/08/26 -173.84 -17.34 130 
D 2008/10/22 -174.98 -18.4 244 
E 2010/08/16 -178.67 -20.74 604 
F 2005/03/19 -179.27 -21.88 609 
G 2005/08/06 -175.35 -19.6 218 
H 2006/06/02 -178.54 -20.77 585 
I 2008/07/19 -177.05 -17.22 395 
J 2010/09/16 -173.49 -16 93 
K 2012/04/28 -174.26 -18.79 141 
L 2011/07/29 179.92 -23.78 539 
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Figure S1. The locations of the events and stations. (a) displays the events (black stars) and 
representative great circle paths to the USArray (triangles). (b) displays a zoomed in view of 
the events (stars) used in this study. The event ID is the same as those in Table S1. The three 
detailed modeled events are labeled in white stars. The background tomographic image is 
from the GyPSuM (Simmons et al., 2010) at the CMB. 
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Figure S2. The sharp edge of the African LLSVP. (a) A comparison of global shear velocity 
tomographic images at the lower mantle. The left displays the TX2011 model (Grand, 2002) 
and the right is for the PRI‐S05 model (Montelli et al., 2006). (b) the delay ΔT and (c) the 
differential values ΔLR measured in MPD analysis for East-Pacific Rise events are migrated down 
to the CMB. Two heavy lines in (c) indicate the bottom and top of the LLSVP. Note the strong 
multi-pathing (red color) patch at the southwest (bottom of the LLSVP), which can be 
explained by a ULVZ (magenta color shape in (e)) at the edge of the LLSVP with the 3D shape 
as in (c). The figures are modified after Sun et al. (2010).  
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Figure S3. Different tomographic images at the lowermost mantle: GyPSuM (Simmons et al., 
2010), SEMUCB-WM1 (French & Romanowicz, 2015), TX2016 (Grand, 2002), LLNL-G3Dv3 
(Simmons et al., 2012). The slab-like high velocity structure near the northeastern edge of the 
mid-Pacific LLSVP near Hawaii is presented by many global tomography models. Note that the 
LLNL-G3Dv3 model is showing P-wave perturbation, which like GyPSuM, also shows a slab-like 
anomaly at our study region.   
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Figure S4. Stacks for different azimuth ranges for event D (table S1). The number following 
each trace indicates the number of records used in the stacking. The black traces are for 
azimuth range of 38-45°. The red traces on the left and right are for azimuth range of 25-38° 
and 45-55° respectively.  
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Figure S5. Relationship between S/ScS travel time and differential travel time residuals 
between ScS and S (δTScS-S) before (left) and after (right) the correction for the top 2200 km 
using GyPSuM model. The more clear trend in the plot of δTScS-S and δTScS suggesting δTScS-S is 
mianly controlled by the variations of ScS. However, strong lateral variations are presented.  
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Figure S6. Prediction from the GyPSuM model for the event A. Left traces are data and the 
right traces are synthetics. Both data and synthetics are aligned on the IASP predicted S 
arrivals. 
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Figure S7. The travel time residuals of event D (Table S1). The reference model of the left 
column is an updated GyPSuM model, which the top 1891 km is the same as GyPSuM model 
and the bottom 1000 km of the mantle is the PREM model. The right column is for the 
GyPSuM. The large delays for stations at the distance range of 76-80° are partly corrected by 
the GyPSuM. The different color denotes the different azimuth. Note the strong azimuthal 
variations.  
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Figure S8. The differential travel time residuals of ScS-S (δTScS-S) migrated to the bounce points 
at the CMB. The δTScS-S is corrected for (a) modified and (b) original GyPSuM model. In the 
modified model, the top 1891 km of the mantle is the same as GyPSuM model. The bottom 
1000 km of the mantle is the PREM model. Note that the lateral variations of delay times in (b) 
are not significant as those in (a). The GyPSuM model can predict the large delays of the δTScS-S 
although the two regions with significant delays, especially the northern patch, are still 
apparent, indicating the existence of the ULVZ’s.  
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Figure S9. Stacked recorded of event A, B, and C and their synthetics from the preferred 
model in Fig. 3.  
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Figure S10. The stacked records of (a) event H and (b) event I. Note the strong ScS multi-
pathing displayed on the data with smaller azimuth (red traces in the left column). The 
number following each trace indicates the number of records used in the stacking. 
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Figure S10. continued. 
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Figure S11. Synthetics for models with different velocity structures of the LLSVP. The black 
traces are synthetics for the hybrid model in Fig. 3 without the extended LVZ at the edge of 
the LLSVP. The red traces are for models (from left to right) IASP model, original GyPSuM 
model, a model with the bottom 600 km of the GyPSuM model inflated by 1.5, and a model 
with the extended LVZ as in Fig. 3a. The location of the ULVZ is fixed in all models as in Fig. 3. 
Despite the difference in the models for the LLSVP, the behaviors of multi-pathing ScS are 
quite similar. The synthetics of the IASP model are shifted by 4 s to emphasize the similarity of 
multi-pathing ScS. The synthetics of the enhanced GyPSuM model is shifted by -2 s.   
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Figure S12. Exmaple of cross correlation (CC) between data and synthetics. Left is the raw SH 
data for event B and the middle column is the stacked data. The synthetics on the right are 
cross-correlated with the stacked data with the time range bounded by the red dashed lines. 
An average CC coeficeinets is calculated for every model. 
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Figure S13. Synthetics for the ULVZ models with different shapes. The black traces display the 
synthetics for a ULVZ model as in Fig. 3 embedded in the GyPSuM model. For all models, the 
height is 80 km, the width is 3°, and the δVs is -15%. 
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Figure S14. Comparison between the data of event B and synthetics for (a) layered ULVZ 
models and (b) elongated boxcar shaped structure. Ray paths (red lines) are included for ScS in 
(b). In (a), the thickness (H), shear velocity perturbation (δVs), and CC’s are listed on top of the 
synthetics. 
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Figure S15. Sensitive tests of different values of Loc for a rectangle shape ULVZ model with H 
of 20 km and δVs of -30%. The value of w is 5° in (A) and 2.5° in (B). With w of 5°, a strong arrival 
10s after the ScS* is generated, which is not observed in the data. In (B), if the value of Loc is 
small, with ULVZ located inside the LLSVP, the separation between ScS* and ScS gets larger 
with increasing epicentral distance, which is contradictory to the data. 
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Figure S16. Goodness of the fits for model with rectangle shape. The value of w is 3° for every 
model. 
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Figure S17. Sensitivity tests for the multi-pathing ScS for triangle shape ULVZ models as in 
Fig. 1. (a) Synthetics for models with different height (H). The black traces display the 
synthetics for a ULVZ model as in Fig. 3 with H of 80 km.  
  
76
78
80
82
84
86
88
90
D
is
ta
nc
e 
(°)
0 20 40 60
Time (s) (aligned on S)
0 20 40 60
Time (s) (aligned on S)
0 20 40 60
Time (s) (aligned on S)
H: 80km/40 km H: 80km/160 kmH: 80km/120 km(a)
 
 
23 
 
 
Figure S17. Continued. (b) Synthetics of event A-C for models with various combinations of H 
and δVS of the ULVZ. The black traces of synthetics display the synthetics for a ULVZ model as 
given in Fig. 3.  
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Figure S17. Continued. (c) Synthetics for models with different location (Loc) of the ULVZ. 
The Loc is defined as the distance from the event A to the left side of the ULVZ. The black 
traces display the synthetics for a ULVZ model as in Fig. 3 with Loc of 51°.   
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Figure S17. Continued. (d) Synthetics of event A-C for models with different combination of 
Loc and δVS of the ULVZ. The black traces of synthetics display the synthetics for a ULVZ model 
as in Fig. 3.  
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Figure S17. Continued. (e) Synthetics of event A-C for models with different combination of 
width (w) and δVS of the ULVZ. The black traces of synthetics display the synthetics for a ULVZ 
model as in Fig. 3. 
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Figure S18. Goodness of the fits for triangle (Fig. 3) models with different parameters for 
event B. The left panels display the CC’s calculated for all distance and the right panels are only 
for data with distance less than 84° (Fig. S12). (A) The Loc and δVs vary with the H of 80 km and 
the w of 3°. (B) The H and δVs vary with the Loc of 51° and the w of 3°. (C) The w and δVs vary 
with the Loc of 51° and the H of 80 km. While the trade-off among δVs, w, and H, the cross 
correlation coefficients are sensitive to the parameter Loc.  
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Figure S19. Goodness of the fits of event B for triangular models with different slowness 
volume (δV) information of the parameters, defined as −𝛿𝑉!(%)×𝑤(°)×𝐻(𝑘𝑚). The color in 
the top figure denotes different velocity perturbation and the color in the bottom figure is for 
the width of the ULVZ model. Note there is a peak at V ~ 3000, such as 𝛿𝑉! =   −15%;   𝑤 =3°;   𝐻 = 80𝑘𝑚. 
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Figure S20. Record sections of event L. The data are plotted with (a) azimuth and (b) distance. 
The records between azimuth of 52-54° show strong secondary arrival, while the records 
between azimuth 54° and 56° does not show the secondary arrival as in (b). This may indicate a 
sharp boundary near azimuth 54°.    
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
Az
im
ut
h
-10 0 10 20 30 40 50 60 70 80 90 100
∆ = 101-102º
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
Az
im
ut
h
-10 0 10 20 30 40 50 60 70 80 90 100
∆ = 103-104º
97
98
99
100
101
102
103
104
105
106
107
108
D
is
ta
nc
e(d
eg
)
-10 0 10 20 30 40 50 60 70 80 90 100
Time (Aligned on IASP91 predicted S) (s)
97
98
99
100
101
102
103
104
105
106
107
108
D
is
ta
nc
e(d
eg
)
-10 0 10 20 30 40 50 60 70 80 90 100
Time (Aligned on IASP91 predicted S) (s)
Azi. = 52-54º Azi. = 54-56º
(a)
(b)
 
 
30 
 
 
 
 
Figure S21. Comparison of results from different methods of phase boundary mapping. (a) 
displays velocity cross sections with phase boundary embedded in the GyPSuM model using 
the mapping method of Thermal Phase Transition (TPT, left) (Sidorin et al., 1999) and Chemical 
Phase Transition (CPT, right) (Sun & Helmberger, 2008). The phase boundary is indicated by 
white line. Raypaths are included for ScS (black). (b) displays the 2D synthetics for the models 
in (a). Scd arrivals are generated with the 2D D” structure. 
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